We studied the loss and stabilization of dihydrofolate reductase genes in clones of a methotrexate-resistant murine S-180 cell line. These cells contained multiple copies of the dihydrofolate reductase gene which were associated with double minute chromosomes. The growth rate of these cells in the absence of methotrexate was inversely related to the degree of gene amplification ( but after prolonged growth in medium containing MTX generated cell populations with stably amplified genes that were associated with one or more chromosomes.
Previously, workers from our laboratory have shown that amplified dihydrofolate reductase (DHFR) genes in methotrexate (MTX)-resistant Chinese hamster ovary (21) and murine L5178Y (12) cell lines are stable when the cells are grown in the absence of MTX. The DHFR genes are associated with a characteristic expansion of a specific chromosome, a homogeneously staining region (HSR) (5). In contrast, murine S-180 (17) and 3T6 (7) cells which contain unstably amplified DHFR genes are associated with extrachromosomal, self-replicating elements called double minute chromosomes (DMs) . In this work we studied the properties of murine S-180 cells and various subclones during the process of reversion from MTX resistance to MTX sensitivity when cells were grown in the absence of MTX. Our results were consistent with the hypothesis that because DMs contain no centromeric regions (4, 19) , they can be distributed unequally into daughter cells. We found that S-180 cell growth rates were inversely related to the number of DMs; hence, over a large number of cell doublings, cells with progressively fewer DMs became dominant within the population.
In addition, we studied subclones of S-180 cells which originally contained amplified DHFR genes that were associated with DMs, but after prolonged growth in medium containing MTX generated cell populations with stably amplified genes that were associated with one or more chromosomes.
MATERIALS AND METHODS
Cell and culture conditions. The parental S3 and MTX-resistant R, and R2 murine S-180 clones have been described previously (2, 13). Cells were maintained as monolayers in Eagle minimal essential medium supplemented with 10% fetal calf serum. MTXresistant lines were maintained in medium containing 5 x 10-5 M MTX, 3 x 10-5 M thymidine, and 3 x l0-5 M glycine. The R1 line was divided into three sublines (designated RIA, RIB, and RIC), and each of these sublines was propagated continuously for different lengths of time in selected media containing MTX, thymidine, and glycine. Subclones were obtained by dilution plating (9) or by fluorescence-activated cell sorting.
Fluorescence-activated cell sorting. The method used to analyze overproduction of DHFR in resistant cells is described in one of the accompanying papers (18) .
Determination of MTX resistance and cell growth. Relative growth rates were determined by inoculating 105 cells into multiple T-25 flasks containing media with or without MTX, thymidine, and gly-interrupted only by intermittent passaging of the cells.
It is important to note that this determination of growth potential of cells was a composite of the effects of cell doubling time and plating efficiency. Measurement of DHFR specific activity and relative rates of DHFR synthesis. DHFR specific activity in late-log-phase cells was determined as described in one of the accompanying papers (18) . The relative rate of DHFR synthesis was measured as described previously (2) by direct immunoprecipitation of DHFR from extracts of early-log-phase cells which had been labeled for 45 25 mM Na2HPO4, 1.5 mM Na4P207, 10% dextran sulfate (28), 10 uLg of single-stranded, sheared salmon sperm DNA per ml, and 1 mM unlabeled 5'-iododeoxycytidine triphosphate. After hybridization, the slides were washed twice for 5 min each at 450C in 5x SSC, 2x SSC, and lx SSC and finally dehydrated in an ethanol series, as described above. The dried slides were then dipped in emulsion (Kodak NTB-2 diluted 1:1 with 2% glycerol), exposed for 3 days, and developed in Dektol. Slides were stained with Giemsa stain and photographed. RESULTS Loss of MTX resistance by S-180 cells when they were grown in the absence of MTX. The time course of loss of high rates of DHFR synthesis in the S-180 cell line AT-3000 (14) and in various clones derived from this cell line (2) has been described previously. In this work we characterized the loss in one particular clone, clone R2. Figure 1 shows the loss of elevated rates of DHFR synthesis as a function of time of growth in the absence of MTX, and these data resembled data published previously (2). MTX resistance and elevated rates of DHFR synthesis were due to the acquisition of multiple copies of the DHFR gene, and the loss of MTX resistance was accompanied by a loss of the (17) . Figure 2a shows the distribution of Loss and gain of DHFR in sorted subpopulations and individual clones. We studied changes in DHFR levels in individual cells within the sorted R2 subpopulations during growth in the absence and presence of MTX to determine the dynamics of loss and gain of DHFR genes. Figure 4 shows representative results for the R+, R-, and R= subpopulations of R2 analyzed after 2, 7, and 25 cell doublings in MTX-free medium. Figure 2c shows the original distribution of these subpopulations. These subpopulations contained the following mean numbers of DHFR genes compared with S3 cells: R+, 150; R-, 15; R=, 3. In the cells with high DHFR levels ( Fig. 4a through c, thin lines) , the DHFR content per cell declined rapidly, and after 25 cell doublings the majority of cells had low DHFR contents; however, a small number of cells had very high DHFR contents. Cells sorted from the middle of the R2 population (Fig. 4a  through c, thick lines) showed an initial randomization with respect to DHFR content per cell, with cells having higher and lower DHFR contents than the original sorted subpopulations. After additional growth the population displayed a progressively skewed population similar to the cells sorted with high DHFR levels.
Cells sorted with low DHFR contents showed very little change in distribution (data not shown).
These populations were also analyzed after growth in the presence of 50 ,uM MTX (the concentration in which they were maintained before sorting). Figure 4d shows the fluorescein graphs of the R+ cells (thin line) and. the Rcells (thick line) after 25 cell doublings in medium containing 50,M MTX. The fluorescence of the R+ cells decreased somewhat (compare with Fig. 2c ), and these cells constitute a population similar to the original R2 population (Fig.  2a) . The R-subpopulation contained many more cells with higher DHFR levels than were present in the initial subpopulation and was indistinguishable from the population of R+ cells. Taken together, the data in Fig. 4 (Fig. 2c) were grown in the absence of MTX, thymidine, and glycine for increasing times. These cells were analyzed for DHFR contents after 2 (a), 7 of MTX for short time periods, the progeny behaved as the populations studied in the experiments shown in Fig. 4 (R. J. Kaufman, Ph.D. thesis, Stanford University, Stanford, Calif., 1981). Thus, cloned cells also became heterogeneous rapidly, with some progeny gaining fluorescence and some losing fluorescence.
We concluded from the subpopulation sorting experiments and the clonal analyses that individual cells could give rise to progeny that could either lose or gain DHFR genes and that the initial "randomization" of genes could occur extremely rapidly in terms of cell doublings.
Stabilization of DHFR genes in an S-180 cell line. Figure 1 shows the time course of loss of high DHFR specific activity and the rates of DHFR synthesis in cloned cell line R, during growth in the absence of MTX. This cell line was subcloned from the original AT-3000 cells obtained from Hakala (14) . This result was first reported in 1976 and was reproduced in these experiments (2). The reversion of this cell line followed the same time course as the reversion of the R2 cell line. When the original R1 cell line (designated R1A) was propagated in the presence of 50 ,uM MTX continuously for approximately 2 years (now designated RIB) and then examined for kinetics of loss of DHFR specific activity in the absence of MTX, it had become relatively stable. As Fig. 1 shows, this cell line eventually stabilized at a point where the DHFR specific activity was 50-fold greater than the DHFR specific activity of the parental MTXsensitive cell line. Figure 1 also shows that when highly unstable R1 cells which had been frozen for the previous 2 years were examined for instability, they showed the original rapid and extensive reversion. Thus, the change from instability to partial stability for elevated DHFR levels in the R1 clone was due to a change in some property of the cells during the period of prolonged growth in the presence of MTX. Figure 5 shows fluorescence graphs of the R1 cells as they appeared originally (RjA cells) (Fig.   5a ), after propagation in MTX for 2 years (R1B cells) (Fig. 5b) , and after propagation in medium containing MTX for a total of 3 years (R1C cells) (Fig. 5c ). Approximately 10% of the highly un- (Fig. 5A) ; this was discretely different from the results with sensitive cells. Further growth of these cells in MTX-free medium produced no further loss of fluorescence.
The partially stable MTX-resistant R1B population ( Fig. 1 and 5b) Next, we examined the RIC cell line for the localization of DHFR genes by in situ hybridization, using a complementary DNA clone (8) . As Fig. 6 shows, in this stably amplified cell line the DHFR genes were clustered on one or several chromosomes. In contrast, in situ hybridization with RIA cells produced few metaphase spreads with evidence of clustering of silver grains. Because of the nature of the background in these in situ hybridizations, as well as the fact that any individual DM contains at most a few DHFR genes (7), we were not able to determine the localization of DHFR genes on DMs by this method. Table 1 ously (17) 19) and thus are incapable of interaction with the mitotic apparatus. As a result, DMs can be partitioned randomly into daughter cells at mitosis. This process results in the generation of populations of cells containing heterogeneous numbers of DHFR genes and DMs (Fig. 2) (7), as well as the rapid generation of heterogeneous cell populations from cells sorted for a given amount of fluorescence per cell (Fig. 4) (20) . Indeed, numerous micronuclei have been observed in our unstably resistant cell lines, and preliminary data in cell line 3T3-R500 (7) have indicated that DNA isolated from such micronuclei is enriched in DHFR sequences (J. Deschatrette, unpublished data). Thus, if such micronuclei failed to undergo replication, fused with lysosomes, or were extruded from cells, large step losses of amplified genes could occur.
Biedler et al. (4a) have found that certain
Chinese hamster lung cell lines with HSRs progressively lose MTX resistance when they are grown in the absence of MTX and that the cells which emerge have HSRs that are reduced in length, suggesting the possibility that genes in an HSR configuration (i.e., on a chromosome) may be excised and lost. However, the kinetics of loss of MTX resistance in these cell lines are much slower than the 50% loss in 20 cell doublings which we have observed in unstably amplified cell lines, including newly selected Chinese hamster ovary cells. These results, as well as our own with S-180 RIC (Fig. 5c) , show that the property of stability appears to be a relative term which is defined by the rate at which cells revert towards drug sensitivity.
selected recently for resistance to MTX are unstable, and amplified DHFR genes are lost during growth in MTX-free medium. This was observed in Chinese hamster ovary cells (18) . As cells are grown further at a single concentration of MTX, cell populations with stable resistance emerge. Chinese hamster cells maintained for as short a time as 100 additional cell doublings after the initial selection no longer revert when they are grown in the absence of MTX (18) . In contrast, S-180 cells have maintained the unstable phenotype over many years. Alt et al. (2) subcloned resistant S-180 cells which were developed by Hakala et al. (14) . These clones (R1 and R2) were grown for 2 additional years, which resulted in the emergence of the stable RIC population and the continuation of instability in the R2 subclone. Our studies with S-180 and Chinese hamster ovary cells indicated that there were considerable differences both in the propensity and in the timing of stabilization of amplified DHFR genes.
The emergence of stably amplified DHFR genes after long periods of growth in MTX was illustrated by the S-180 R, clone described here. When first studied, these cells were unstable and contained large numbers of DMs. After 3 years of continuous growth in medium containing MTX, they became stably resistant and lost most, if not all, DMs. Instead, they acquired DHFR genes which were clustered on one, two, or three chromosomes (Fig. 6) . It is not known whether such clustering of DHFR genes on multiple chromosomes in S-180 cells is similar to the clustering of DHFR genes on a HSRs of specific chromosomes in Chinese hamster ovary cells (21) and mouse L5178Y cells (12 many as three to five large, abnormal chromosomes containing regions of alternating satellite and nonsatellite DNAs. These structures bear no relationship to chromosomes with normal banding patterns. Levan et al. (20) have observed in the mouse SEWA cell line the occasional appearance of a chromosome structure which they designated "C-minus chromosome" because it lacks centromeric staining regions. These workers, as well as Cowell (10) , have suggested that DMs may occasionally assemble to form such chromosome-like structures. This may explain the generation of stable DHFR genes in the S-180 cells which we studied (in particular, if assembled DMs were associated with one or more chromosomes bearing a centromer). Bostock et al. (6) suggested that the presence of satellite DNA in their MTX-resistant melanoma cell line can facilitate unequal crossing over to generate amplified DNA sequences. The ubiquitous changing nature of repeated DNA sequences in cultured cells (24) suggests the possibility that these highly repetitious elements may also facilitate the association of DMs into chromosome-like structures. The presence of either DMs or abnormal chromosomal structures in human tumor cell lines (4) may be another example of this phenomenon.
Possible mechanisms for the amplification process have been discussed elsewhere (26, 27) .
